New multifocal phase designs aiming at expanding depth of focus in the presbyopic eye are presented. The designs consist of multiple radial or angular zones of different powers or of combined low-and high-order aberrations. Multifocal performance was evaluated in terms of the dioptric range for which the optical quality is above an appropriate threshold, as well as in terms of the area under the through-focus optical quality curves. For varying optical power designs optimal through-focus performance was found for a maximum of three to four zones. Furthermore adding more zones decreased the optical performance of the solution. Angular zone designs provided better multifocal performance (1.95 times on average) than radial zone designs with identical number of zones and the same power range. The optimal design (angular design with three zones) surpassed by 33% the multifocal performance of a bifocal angular zone design and by 32% a standard multifocal phase plate with induced spherical aberration only. By using combinations of low-and high-order aberrations the through-focus range can be extended further by another 0.5 D beyond that of the best design of varying optical power. These designs can be implemented in adaptive optics systems for testing their visual performance in subjects and converted into multifocal contact lenses, intraocular lenses, or presbyopic corneal laser ablation profiles.
The young human eye has the capability of dynamically focusing far and near objects. However with age, the crystalline lens loses this ability to accommodate (presbyopia). There are several solutions available to treat presbyopia and restore some near-vision functionality. These include optical aids (in the form of contact lenses, intraocular lenses, or corneal laser treatments) that aim at producing multiple foci or at expanding depth of focus (DOF) [1] . Simultaneous vision lenses include bifocal or trifocal diffractive and refractive designs, or aspheric designs that generally attempt to modulate the spherical aberration of the eye. Refractive designs show different optical zones of different refractive power, normally concentrically in two zones (for example with the central portion providing near vision and the peripheral one providing far vision), multiple zones, or asymmetric zones (with, for example, the upper zone providing distance vision and the lower zone providing near vision) [2, 3] . Several studies have proposed expanding DOF by increasing the optical aberrations or by introducing specific combinations of aberrations (i.e., fourth-and sixth-order spherical aberration Zernike terms) [4, 5] . Some other DOF expansion strategies inspired by beam shaping or imaging (i.e., axicons) have encountered limitations for applications in the eye [6] . Recently, multifocal intraocular lens designs with aspheric optics have been proposed based on a multiconfiguration approach, where the optical quality of the eye plus lens is optimized for multiple foci [7] . Many studies propose the construction of a phase pattern (generally defined by a set of aberrations) that optimize a certain visual quality metric [for example the visual Strehl computed from the optical transfer function (OTF)] over a certain dioptric range [8] . Besides optical predictions, it is possible to simulate visual performance with these designs with the use of adaptive optics (AO) simulators. Deformable mirrors are capable of reproducing smooth phase patterns (such as those obtained by combination of aberrations). Spatial light modulators can also reproduce steep phase changes such as those produced in certain refractive multifocal designs [9] . Despite the availability of technology to produce phase patterns that combine both segmented regions of different powers or aberration profiles, the multifocal optical (or visual) performance produced by those patterns has never been explored systematically. In this study, we numerically simulated the predicted through-focus optical quality of multifocal phase designs consisting of segmented pupils (N zones up to 50) of progressive power in different radial or angular pattern configurations, where the dioptric power in each zone is defined by
where i is the zone number, N the total number of zones, D f is the optical correction for far, and D n is the optical correction for near. In general, the phase pattern (W T ) is defined by the wavefront in each zone, which can be expressed mathematically by
where N n 1 n 2 , l labels the radial zones (l 0 to n 1 ), j labels the angular zones (j 0 to n 2 ), w i represents the wave aberration in each zone, and σ jl represents a mask that equals to 1 in the corresponding zone and 0 elsewhere. For radial patterns, the corresponding masks σ jl are defined by
and for angular patterns by
where Φ stands for an angular shift, common to all zones. Figure 1 illustrates the distribution of segmented zones in several radial and angular designs. For clarification, the separation between zones has been highlighted (except for the 50-zone designs). We denoted the patterns by N n 1 ;n 2 ;Φ , where n 1 indicates the number of radial zones and n 2 the number of angular zones. Wave aberrations w ij in the phase patterns of Fig. 1 are defined by defocus term only [Eq. (1)]. Other phase patterns considered in the study included w ij defined by combinations of high-order aberrations (see Figs. 4 
and 5).
Fourier optics were used to compute the OTF from the pupil function. The visual Strehl (obtained as the volume between the OTF and a general neural transfer function to emphasize the spatial frequency range most relevant to visual function) was used as an optical quality metric [8, 10] . The threshold for acceptable vision was set to 0.12 visual Strehl, as reported in prior literature [4, 11] . Through-focus visual Strehl curves were computed to evaluate the through-focus performance of the designed phase patterns. DOF was defined as the dioptric range for which visual Strehl was above threshold. Also, the area under the visual Strehl (in a dioptric range of 6 D) was used as an optical quality metric.
Current clinically available multifocal refractive intra ocular lens (IOL) designs use various concentric segmented zones N N;0;0 according to our notation, that is, AT Lisa bifocal lens by Carl Zeiss or the ReZoom bifocal lens by Abbot 5 5;1;0 . To our knowledge only one IOL design uses roughly a two-angular-zone design [MPlus lens, by Oculentis, which in a first approximation could be described by 2 1;2;0 ] [12] . Although in some multizonal lens designs aspheric transition zones are included to facilitate smooth variations across zones with different power, multifocality is mostly produced by differences in power in the different zones. However, the optimal number of zones in radial and angular zone designs, and potential differences in optical performance of radial versus angular designs (with equal number of zones and area of the corresponding zones of similar power), have never been tested.
We designed multifocal phase patterns with N zones both with optical power varying in radial (N N;0;0 ) and angular (N 0;N;0 ) configurations, with N ranging from 1 to 50. The defocus term (C 2 0 in a Zernike expansion notation) was varied linearly and sequentially across zones between −0.2 and −1.7 μm in a 4 mm pupil, equivalent to a dioptric power change from 0.35 D for far distance correction to 3 D for near (i.e., near addition). The area of each zone is of equal value in all cases (π ρ 2 ∕N mm 2 ). Figure 2 shows the visual Strehl-based optical performance metrics (DOF versus area under the visual Strehl through-focus curve) for radial and angular zone designs of increasing number of zones (up to N 50), always with power varying by 2.65 D from the far to near zones. The threshold level for determining the DOF is 0.12. Interestingly, in both cases, increasing the number of zones does not lead to an increase in performance. The best multifocal optical performance (large DOF while preserving a high area under the curve) corresponds to three to four zones, in both radial and angular zone designs. Figure 3 shows the visual Strehl through-focus curves for selected power-varying designs with radial zones and angular zones, respectively. In radial zone designs, increasing the number of zones will eventually lead to a spherical aberration multifocal profile, as shown in Fig. 3 for a 1 1;0;0 pupil pattern, where wave aberration W T is defined by a fourth-order spherical aberration (C 4 0 0.4 μm). Remarkably, this solution (although frequently proposed [4, 13] ) provides poorer optical performance than a bifocal solution and is largely exceeded by a trifocal solution (trifocal diffractive IOL designs have been recently released commercially [14, 15] ). In angular zone designs, increasing the number of zones will eventually lead to a spiral phase plate (or optical vortex), which has been proposed in other areas as a focal beam expander [16] , although they appear suboptimal in the current application. Currently clinically available approaches using two angular zones (upper for far and lower for near) could be improved by increasing the number of zones to 3.
Interestingly, the optical performance of radial and angular zone designs differs, even for similar number of zones (N), similar power values in each zone, and similar zone areas, indicating that the actual zonal distribution matters. Results revealed that for the same number of zones angular designs are more efficient than radial designs (12% on average across the 50 designs). The number of zones in the angular design directly translates into increased number of peaks in the through-focus curve (see Fig. 3 ). However, a less predictable behavior occurs with radial designs, which ultimately (for large N) become similar to a spherical aberration phase pattern. An additional advantage of angular designs includes more independence of their performance with the pupil size.
These results suggest that phase patterns with angularly segmented zones (two to four) are optimal in expanding DOF while preserving acceptable visual performance. Our analyses up to this point have only considered differences in power across different zones. Prior studies have reported that interactions between high-order aberrations occur, which may lead to increased optical quality [5, 11] . It is likely that combinations of aberrations other than defocus in each zone also have a positive impact on the through-focus optical quality of multifocal phase patterns.
We have generated six angular zone multifocal phase patterns (Fig. 4) , with 2 1;2;0 (designs A through C) and 4 1;4;π∕4 zone patterns (designs D through F) and introduced different combinations of aberrations in each zone. The second column in Fig. 4 shows the selected Zernike coefficients for each zone of designs A through F. The through-focus performance of these designs is shown in Fig. 5 .
The introduction of spherical aberration to expand DOF has been studied before [4, 13] . A control condition of 0.22 μm of spherical aberration and 0.8 μm of defocus (this combination of spherical aberration and defocus allowed peak performance for emmetropic patients [4] ) has been included for a direct comparison with the current state of the art. Pattern A is designed by a combination of positive spherical aberration (0.22 μm) and positive defocus (0.8 μm) in zone 1 and the same amounts of spherical aberration and defocus but with a reversed sign of the spherical aberration term in zone 2. This configuration produced a 10% increase in DOF in comparison to the same amount of only spherical aberration across the entire pupil (see Fig. 5A ). Favorable interactions between astigmatism and coma have been found under certain conditions in previous works [5, 17] . Patterns B, C, D, E, and F involve the reported optimal combinations of defocus, astigmatism, and coma which increased optical performance in monofocal vision with respect to astigmatism alone [5] . A particular four-angular-zone design with combined astigmatism and coma in each zone (Pattern D) produced the largest DOF (>4 D) while keeping the area under the through-focus visual Strehl close to 1 (see Fig. 5B ).
In summary, our study demonstrates that multizonal angular phase patterns with three to four zones are optimal. The theoretical performance of multifocal designs with three angular zones of different power expanded DOF 40% more than current angular bifocal designs, 40% more than trifocal radial designs, and 32% more than a typical spherical aberration phase pattern [4] . For the three-zone angular design through-focus optical quality also varied with respect to the mentioned conventional designs by −1%, 14%, and 23%, respectively. Our study demonstrates that multizonal angular phase patterns with three to four zones are optimal. To our knowledge, there is no multifocal lens available with this configuration, but current IOL and contact lens designs could be improved by combining standard IOL and contact lens design approaches with the results of this study.
In addition (see Fig. 5B ), the dioptric range above threshold can be extended up to 0.5 D by introducing combinations of other aberrations other than defocus with respect to the power-varying trifocal angular design (Fig. 2) .
Vision through the presented multifocal phase patterns can be experimentally simulated in AO systems provided with spatial light modulators. Although the visual Strehl used in the theoretical computations has been shown to correlate best with visual performance [8] , the current analysis has been performed purely on optical grounds.
Experimental AO simulations will incorporate neural factors, interactions of the multifocal phase pattern with the ocular aberrations of the subject, and potentially the prior visual experience (spatial neural adaptation) of subjects [18] . The designed phase patterns can be transferred to surface profiles in contact lenses and intraocular lenses, or implemented in refractive surgery ablation profiles, with the required considerations specific to each correction alternative The implementation of these phase patterns onto contact lenses or presbyopic laser corrections will require transfer of the wave aberration at the pupil plane to the corneal plane and defining the corresponding tissue ablation profile (in corneal refractive surgery) [19] and lens geometry (in contact lenses) [20] . Other relevant aspects include laser ablation efficiency (in corneal refractive surgery) [21] , tear lens effects (in contact lenses) [22] , and IOL lens geometry and platform (in IOLs) [23] . 
